ABSTRACT: Osteochondritis dissecans is a joint disease that is observed in several species. The disease can develop as a cause of ischemic chondronecrosis in the epiphyseal growth cartilage. Some lesions of chondronecrosis undergo spontaneous resolution, but it is not possible to predict whether a lesion will resolve or progress and require intervention. Proliferation of cells into clusters occurs at the lesion margin, but it is unclear if the clusters have a repair function. The aims of the current study were to examine clusters and potential matrix changes in response to ischemic chondronecrosis in the distal femur of 10 pigs aged 70-180 days using advanced microscopy based on two-photon excitation fluorescence and second harmonic generation. These microscopy techniques can perform 3D imaging of cells and collagen without staining. The results indicated a lower collagen density in the chondronecrotic areas compared to the normal growth cartilage, and fissures and breaks in the matrix integrity were demonstrated that potentially can propagate and cause osteochondritis dissecans. A higher number of cells in clusters was correlated with reduction in collagen density in the lesions. Some of the cells in the clusters had a morphology similar to progenitor cells, suggesting a potential repair role of the clusters. The study has shed further light on the secondary responses after initial lesion formation, which information can be of potential use to create models that can predict lesion progression and that may hence avoid unnecessary interventions in the future. ß
Osteochondritis dissecans (OCD) is a disease that is characterized by loose fragments, consisting of cartilage with or without bone, in joints. 1 The disease affects humans and animals including pigs, horses, cattle and dogs, and synovial effusion, and/or lameness are common clinical signs. 1 The prevalence of OCD was 7% in a study of Norwegian Landrace pigs, 2 and the disease therefore has important consequences for the welfare and economy in the porcine industry. The OCD fragments can produce symptoms in their own right, and through secondary osteoarthritis. [3] [4] [5] A portion of lesions will undergo spontaneous resolution before certain age thresholds. 6, 7 The number of persistent lesions is therefore always a result of the balance between lesions arising and resolving. 8 Lesions that persist and are associated with symptoms require further intervention. In production animals, intervention usually translates to premature slaughter and financial loss, whereas in humans and horses, it can entail advanced surgery with risk of complications and costs in terms of convalescence time and money. The pathogenesis of OCD has become much clearer in recent years. 1, 9 It is, however, still not possible to predict whether a lesion will require intervention, or undergo spontaneous resolution. Research into factors that influence the balance between lesions arising and resolving is important, 8 as it has the potential to spare both humans and animals unwarranted interventions.
In animals, OCD develops as a consequence of focal failure of the temporary cartilage canal blood supply to the epiphyseal growth cartilage, 1, 9 which is located between the articular cartilage and the secondary ossification center. 10 Physiologically, the epiphyseal cartilage canals regress gradually by replacing the canals with cartilage, that is, chondrification, and by incorporation into the advancing ossification front. 11, 12 In pigs and horses, the blood supply may fail in conjunction with the incorporation process, 11, 12 leading to ischemic necrosis of chondrocytes (chondronecrosis) at intermediate depth of the epiphyseal growth cartilage. This lesion is sometimes called osteochondrosis latens. 13 In horses, it has been debated whether extracellular matrix changes precede chondrocyte necrosis, or vice versa.
14 However, through observational and experimental studies, it has been documented that chondrocyte necrosis leads to secondary matrix changes (summarized in 9 ). Secondary reparative responses have been observed on the margin of lesions, consisting of proliferation of cartilage cells. 9 Proliferation is seen as increased numbers of cells within a single lacuna, which is then referred to as a cluster, proliferative nest, or chondrone. 15, 16 Clusters have been observed in response to ischemic necrosis, 15, 17 experimental incisions. 18 and in conjunction with osteoarthritis 19 and are therefore regarded as a nonspecific response to insult. Following experimental ischemia, the number of cells within individual clusters increased with lesion duration. 15 This suggests that cells were retained within clusters and brings the purported reparative role of clusters into question. More studies are therefore required to understand the role of clusters in ischemic chondronecrosis and other diseases.
Endochondral ossification proceeds on the margins of, but not within areas of ischemic chondronecrosis, which then causes a focal disturbance in the process, known as osteochondrosis manifesta 13 or just osteochondrosis. 20 Once surrounded by bone, additional secondary reparative responses occur such as recruitment of chondroclasts that phagocytose the area of ischemic chondronecrosis, and formation of fibrovascular granulation tissue capable of undergoing intramembranous ossification, leading to eventual spontaneous resolution of lesions. 9 Alternatively, pathologic fracture can occur superficial to and through lesions, leading to OCD. 1, 9, 20 Biomechanical forces can influence whether lesions resolve or progress to OCD. 21 Lesion size is probably also important but does not in itself fully explain the progression of lesions. 22, 23 Theoretically, OCD could have been the result of supra-physiological force on normal tissue, that is, traumatic fracture, however, as discussed, in animals it has been documented that OCD occurs through pre-existing lesions, that is, represents pathologic fracture (pig, horse, goat in 9 :). In a previous transmission electron microscopy study, areas of ischemic chondronecrosis contained thinner collagen fibers and less proteoglycan than the surrounding, viable growth cartilage. 24 With electron microscopy it is, however, only possible to examine small areas in ultrathin sections vulnerable to processing artifacts, and the technique therefore yields somewhat limited information about the relationship between secondary matrix changes and progression to OCD.
In recent studies from our research group, second harmonic generation (SHG) and two photon-excitation fluorescence (TPEF) microscopy were used to characterize normal growth cartilage 25 and cartilage canals. 26 These and previous studies [27] [28] [29] [30] have shown that SHG is highly sensitive and specific to collagen fibrils and that the morphology of cells could be visualized in 3D using TPEF. The techniques allow thick sections to be examined without staining and are therefore less prone to artifacts compared to conventional histology or electron microscopy. The aims of the current study were to examine clusters and matrix changes in response to ischemic chondronecrosis using TPEF and SHG, because improved understanding of how these processes contribute to resolution or progression of lesions has the potential to spare humans and animals unwarranted interventions.
MATERIALS AND METHODS

Materials
Ten male Landrace pigs, aged 70-180 days, were included in the study. (For details, see Table 1 ). The pigs were used in a previous study, 31 and their use was approved by the National Animal Research Authority. To increase the chance of observing spontaneous lesions of osteochondrosis, the pigs were sired by a single boar that had the highest risk of osteochondrosis of all insemination boars used that year in the region (criteria defined in 31 ). Chondronecrosis is known to occur in the age range of the included pigs. 13 
Sample Preparation and Selection Criteria
The right femur of each pig was harvested and fixed in 4% phosphate-buffered formaldehyde for a minimum of 48 h. A cylindrical plug (2 cm diameter) containing the articular-and epiphyseal growth cartilage was harvested from the medial femoral condyle (MFC) of pig number 4, 8, and 9, and the lateral femoral condyle (LFC) from pig number 5 and 10 using an equine sinus trephine. These pigs had been examined with computer tomography to verify that they had lesions of osteochondrosis. Before harvesting the plug, the joint surface was visually assessed for local changes in opacity and color, indicating a focal delay of ossification. The trephine was inserted in a location where such changes were observed.
The plugs were then decalcified in 10% EDTA and cut in half. Half of the plug was used in a different study. The remaining part was cut into pieces by a scalpel, and these pieces were cut by a vibratome (Leica VT 1000s) into 100-150 mm thick sections perpendicular to the articular surface. From pig nr. 1-3,6, and 7, the distal femur was sawed into approximately 5 mm thick slabs in a transverse plane, as described previously. 25 The slabs were cut into smaller blocks containing the MFC, LFC and the medial trochlear ridge (MTR). The blocks were then decalcified in 10% EDTA and sliced with the vibratome into 100-150 mm thick sections perpendicular to the articular surface.
The sections were examined macroscopically for visible changes and by using a bright field microscope (Leica DMLS) for presence of areas containing cells with reduced size compared to the cells in the resting zone of the growth cartilage. Sections with indication of chondrocyte necrosis were inspected with SHG and TPEF.
Histological Validation
Histological examination is the gold standard for identifying chondrocyte necrosis in cartilage. After a section presumed to have chondronecrosis was cut with the vibratome from pig nr. 2, 6, and 9, the remainder of the block was paraffinembedded and sliced into 4 mm-sections, and stained with hematoxylin and eosin for histological validation. The HE-stained sections were imaged with a Nikon Diaphot microscope (Nikon) using a Nikon DS-Fi1 camera (Nikon). Imaging With SHG and TPEF The thick sections were imaged using a Leica TCS SP8 confocal microscope with a Chameleon Vision S (Coherent) mode locked Ti:Sapphire femtosecond laser. The samples were excited with the laser at 890 nm wavelength. A 445 AE 10 nm filter (Semrock) was used to detect SHG, while a 525 AE 25 nm filter (Semrock) was used for TPEF detection. A dichroic mirror at 490 nm was used to separate SHG from TPEF. The SHG produced in the forward direction (F-SHG) was detected using non-descanned detection. Circular polarized light was obtained by using half-and quarter waveplates positioned in the laser path. The laser was focused on the sample by different objectives to achieve different magnification. The objectives used were 25Â (NA 0.95, mod. nr. 11506374, Leica), and 63Â (NA 1.2, mod. nr. 11506361, Leica). The transmitted light was collected by a Leica S-28 NA 0.55 condensor lens and detected with the integrated photomultiplier tubes. The reflected light (B-SHG) was detected with a Leica hybrid photodetector (HyD) using non-descanned detection.
The integrated software (Leica Application Suite X) controlled the microscope and the laser. The mosaic merge function of the software was used to create images with large field of view. To visualize the intensity of the SHG signal from the collagen fibrils, the Parula color-map was used in the images.
Parameters Observed Cell Morphology
The autofluorescence signal was used to assess the morphology of cells. In histological examination, chondrocyte necrosis is identified by cytoplasmic eosinophilia, cell shrinkage, and nuclear changes. 32 Cell shrinkage alone, as revealed by the autofluorescence, was assumed to be sufficient to identify necrotic chondrocytes. 33 A focal area in the epiphyseal growth cartilage containing cells with reduced size compared to the cell size in the surrounding cartilage was defined as a lesion with chondrocyte necrosis.
Zones and Clusters
The collagen matrix was characterized using the SHG signal intensity. A lacuna in the collagen matrix was defined as a volume with low SHG signal intensity compared to the surrounding matrix. In the normal resting zone, two lacunae were separated by a thin septum of higher SHG signal (Fig. 1) . These are referred to as a pair of lacunae. In this study, the resting zone was defined as the part of the epiphyseal growth cartilage with lacuna containing primarily one and maximally two cells in a single lacuna, to allow for occasional cell proliferation in the resting zone. 34 The deeper half of the resting zone was defined to belong to the deep resting zone. The proliferative and hypertrophic zones are located between the resting zone and the ossification center. The proliferative zone was recognized by lacunae containing two or more cells, while the hypertrophic zone was defined as the zone containing enlarged lacunae and cells. A cluster was defined as a single lacuna containing more than two cells immediately adjacent to a focal area with chondrocyte necrosis. The lacuna of a cluster could also be discriminated from a lacuna of the proliferative zone by the more spherical shape of the cluster lacuna. 24 Quantitative Changes in the Collagen Matrix To characterize changes in the collagen matrix of a necrotic area, the deep resting zone of the same thick-section was used as a reference, because the necrosis initially appears in the deep resting zone after experimental ischemia.
First, the age-dependent changes of the collagen matrix in the normal deep resting zone were measured. Nine different locations in the deep resting zone were selected near the apex of the medial or lateral condyle in each pig as far as possible from any cartilage canal. For every location, the B-SHG intensity was averaged over an approximately 300 Â 300 mm 2 area using the integrated software. By averaging over a large area, the effect of local variation in collagen fibril orientation, density, and fibril thickness is reduced. The same imaging condition and laser strength was used for every location.
Second, the average B-SHG intensity in each lesion of necrotic cartilage was compared with the average B-SHG intensity in the adjacent deep resting zone of the same section. The average B-SHG intensity was calculated by manually selecting the necrotic area as the region of interest in the integrated software. The non-necrotic deep resting zone of the same section was likewise selected and the average B-SHG intensity calculated. If cartilage canals were present, the portion of the deep resting zone located closer than 500 mm from the canal was excluded. The ratio of average SHG intensity in a lesion to the average SHG intensity in the deep resting zone was calculated from three 
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Third, local changes in the matrix morphology in the necrotic areas, identified as changes in the SHG intensity, were interpreted as fissures or changes in the matrix integrity.
Statistical Analysis
Linear regression in MATLAB was used to assess linear relationship and provided the coefficient of determination R 2 and the p-value of test that the slope is different from zero.
RESULTS
Focal areas of cell shrinkage interpreted as chondrocyte necrosis were identified by the TPEF signal in 8/10 included pigs. In total, 16 distinct areas of necrosis were observed in the examined sections (Table 2) . Each pig had 1-4 lesions. Two of the lesions were located in the LFC, three in the MTR, and 11 in the MFC. 10/16 lesions did not appear to influence the ossification process, whereas 6/16 lesions were partly or completely surrounded by the ossification front. Comparison with adjacent HE-stained sections supported the presumption that cell shrinkage corresponded to necrosis (Fig 2) . All necrotic areas were associated with cartilage canals that appeared to be necrotic. Area was not calculated because only a part of the lesion was included in the section.
Age Dependence of the SHG Intensity in the Normal
c Located within the ossification center. The lesions are sorted by the ratio of average SHG intensity in a lesion to the average SHG intensity in the deep resting zone (DRZ). The distance from the surface and ossification front refers to the smallest measured distance from these interfaces to any margin of the lesion. The total AECC thickness is the distance from the articular surface to the ossification front adjacent to the lesion. The area of the lesions was measured in each thick (approximately 100 mm) section, and the mean was calculated. The number of thick sections containing the lesion was counted. If the included sections did not contain the entire lesion, the minimum number of sections is listed. Distances and areas were measured using the integrated software. The number of cells in the clusters was counted manually, and the cluster with highest number of cells was included. Due to uncertainties with the counting method, the number was rounded to the nearest 5 for counts above 10.
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FINNØY ET AL. (Fig. 3) . The intensity was averaged from nine locations of the deep resting zone near the apex of the medial condyle (lateral in the 127-day old pig) in each pig. The increase in B-SHG intensity was interpreted as an increase in the collagen density or fibril size.
Weaker SHG Intensity in the Necrotic Areas
The ratio of average SHG intensity in a lesion to the average SHG intensity in the deep resting zone varied between 98 and 29% in the examined lesions ( Table 2 ). The SHG intensity was typically weakest in the center of the lesion, with a gradual decrease from the margin of the lesion. Representative images of lesions are shown in Figure 4 . Because the SHG intensity was shown to increase with age in normal growth cartilage, the weaker SHG intensity in the necrotic area is likely due to lack of collagen production by the necrotic cells.
Loss of Collagen Matrix Integrity in the Necrotic Areas
Revealed by SHG The matrix integrity was altered in 8/16 necrotic areas (Table 2 ). This most commonly involved ripples (Fig. 5a ), defined as periodic alterations of the SHG intensity with spatial periods of 5-20 mm (observed in 8/16 lesions). In two lesions, microsplits between the lacunae were presence. These were called lacunar microsplits and were 1-3 mm wide and up to several hundred micrometer in length (Fig. 5a-c) . Optical sectioning showed that they formed sheets through the sections with more than 100 mm thickness. The observations were made in successive thick sections and were therefore likely not artifacts from sample preparation. Similar microsplits, called canalicular microsplits, were associated with a necrotic cartilage canal in one lesion (Fig. 5c ). Matrix fissures were observed in two lesions ( Fig. 5d and e) . The fissures were up to 10 mm wide, more than 1 mm long and formed sheets similar to the microsplits. One fissure appeared to emanate from a cartilage canal (Fig. 5d) . There was no apparent relation between the size of the necrotic area and breaks in the matrix integrity (Table 2) .
Relationship Between Changes in SHG Intensity and Size of Clusters
The necrotic areas varied in the presence of clusters (12/16 lesions) and the clusters varied in the number of cells (from 4 to 40; Table 2 ). There was a significant linear relationship (R 2 ¼ 0.78, p ¼ 0.000014) between the number of cells in the largest adjacent cluster and the ratio of average SHG intensity in a lesion to the average SHG intensity in the deep resting zone (Fig. 6) . In lesions without adjacent clusters (4/16 lesions), the relative difference in the average SHG intensity between the necrotic area and the surrounding deep resting zone of the same section was less than 10% (e.g., in Fig. 4a and b ). These were also located most superficially, 1.4-1.5 mm from the articular surface ( Table 2 ). The lesions located more distant from the articular surface were associated with weaker SHG intensity and larger clusters.
3D Imaging of Clusters Identifies Two Types of Cellular Morphology
The cluster lacunae tended to be spherical or ellipsoidal and with diameter up to more than 100 mm. The cells located in the clusters were not separated by SHG signal above noise level and therefore did not appear to produce collagen fibrils (Fig. 7a and b) . Two types of cells were identified based on the morphology (Fig. 7c) . The first type was cuboidal and chondrocytelike (Fig. 7d) . The second type was stellate shaped and contained long processes that appeared to form connections to neighboring cells (Fig. 7e) . The second type resembled a fibroblast or a mesenchymal cell.
DISCUSSION
This observational study demonstrated that SHG and TPEF can be used to study secondary responses to ischemic necrosis in cartilage in 3D and revealed new information that may be used in the development of future models to predict lesion progression. In particular, the morphology and number of cells in clusters surrounding necrotic areas and the SHG intensity of the matrix may be important parameters in such models. Major limitations with this study are the cross-sectional nature and the low number of samples. Future studies are therefore required to verify the results and to test if the observed parameters can be used to predict progression to OCD.
The ratio of average SHG intensity in a lesion to the average SHG intensity in the deep resting zone The corresponding SHG image. There is no apparent difference in the SHG intensity between the necrotic and non-necrotic cartilage. A cartilage canal without intact blood vessels is associated with the necrotic area (asterisk). (c) (lesion L). A necrotic area (below the red stippled curve) is located above the ossification center (intense SHG). The SHG intensity in the lesion decreases gradually from the margin towards the center of the necrotic area. Remnants of a cartilage canal are located within the necrotic area (asterisk). (d) Higher magnification of the margin between the necrotic and non-necrotic cartilage (dashed rectangle in c). The TPEF signal is added and shown in white. The cells in the necrotic area appear shrunken compared to the surrounding area, and large clusters are located at the margin. (e) (lesion N) The necrotic area is located near the attachment site of the caudal cruciate ligament (to the right in the image) and a necrotic cartilage canal (asterisk). The ossification front is located near the bottom of the image. The necrotic area is clearly distinguished from the nonnecrotic cartilage by large lacunae. The SHG signal decreases from the periphery of the necrotic area towards the center. (f) A necrotic area is located at the osteochondral junction (lesion M) and another is located within the ossification center (lesion P). The SHG intensity in the necrotic areas tends to decrease from the periphery toward the center. All scale bars are equal to 500 mm. varied between 98% and 29%. Experimental studies showed that ischemic necrosis initially occurs in the deep resting zone, [15] [16] [17] and this zone was therefore used as a reference. The difference in SHG intensity can reflect variation in collagen density 29 or fibril size. 35 The SHG intensity is also sensitive to the orientation of fibrils with respect to the laser polarization and with respect to each other. 36 However, when averaging over large areas of cartilage containing randomly oriented fibrils, 37 it is expected that the local influence of the fibril orientation is cancelled. The indication of smaller or less numerous collagen fibrils in the necrotic areas compared to the normal deep resting zone is in agreement with the previous TEMstudy observing smaller fibrils in the necrotic area. 38 The results also support studies showing decreased collagen content in samples of early osteochondrotic lesions in horses 39 and pigs. 40 The changes in collagen matrix can result from active degeneration or lack of new collagen production. The SHG intensity in the normal resting zone was shown to increase with pig age. This is in agreement with previous studies showing that the collagen fibrils of the growth cartilage in pigs increase in thickness 41 and density 42 with age. Thus, lack of new collagen production by the necrotic cells is sufficient to explain the differences in SHG intensity between the normal and necrotic matrix. On the other hand, due to the cross-sectional nature of this study, one cannot exclude the possibility that the differences in the SHG intensity between normal and necrotic matrix existed prior to ischemic necrosis. A recent study demonstrated that the SHG intensity in normal equine growth cartilage varies in different regions, 30 and it was speculated that the risk of vascular failure could be higher in areas with weaker SHG intensity. However, this observation fails to explain why the matrix changes in the current study were focal and confined to the necrotic areas.
To the authors' knowledge, matrix fissures and breaks in the matrix integrity were demonstrated in the ischemic-necrotic areas for the first time. The changes in the matrix morphology included ripples and 
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lacunar and canalicular microsplits. The observations were done in the entire 100 mm-section and in adjacent thick sections and were always confined to the necrotic areas. Furthermore, almost identical ripples and microsplits were observed using SHG in osteoarthritic cartilage 43, 44 and a similar fissure or microcrack was revealed by SHG in cartilage upon low-energy impact. 45 The findings were therefore assumed to be valid and not artifacts from sample preparation. Changes in the matrix integrity can result from an inappropriate composition of the extracellular matrix in the necrotic areas compared to the loading it is exposed to. In addition to smaller collagen fibril size, 38 the proteoglycan level is reduced. 38, 46, 47 The amount of collagen cross-linking prior to necrosis may also have a role in determining whether microsplits and matrix fissures appear. The enzyme responsible for pyridinoline crosslink formation in collagen, lysyl oxidase, requires copper as a co-factor, and a low copper level was associated with a higher risk of progression from OC to OCD. 48 The microsplits and matrix fissures formed sheets and are therefore vulnerable to shear forces and can potentially propagate and cause macroscopic fractures and OCD. This is a possible explanation of how pathological fractures and OCD can arise from a weakened cartilage matrix in the necrotic areas, potentially independent of a history of trauma. The breaks in the integrity were not related to size of the lesions. It is possible, however, that the size of the lesion combined with changes in matrix integrity better predict progression to OCD than each factor individually. For a clinical application of these results, future studies should correlate SHG with MRI and test whether the findings of changes in the matrix integrity can be translated and detected using an in vivo imaging method. Chondronecrosis was shown previously to be visible using MRI, 46 and areas in cartilage with reduced SHG intensity were associated with increased T2 relaxation time. 30 If translation is possible, a longitudinal study could test whether change in matrix integrity is a predictor of progression to OCD.
There was a linear relationship between the number of cells in the largest cluster and the ratio of average SHG intensity in a lesion to the average SHG intensity in the adjacent deep resting zone. Because cluster size previously was shown in experimental studies to increase with time after appearance of lesion, 15, 17, 18 the same may also be concluded about changes in the collagen matrix. The lesions showing fewer responses were located most superficially in the growth cartilage, whereas lesions located at the ossification front had more changes. This further supports that the secondary responses evolve with time. If a statistical correlation between lesion duration and secondary responses can be established from studies of experimentally induced lesions, one could use secondary responses such as cluster size and SHG intensity changes in naturally occurring lesions to estimate the time since vascular failure. Unfortunately, such correlation does not yet exist, but may be available in future studies. Furthermore, a log or a video of events occurring with the animal at that estimated time point may then be used to identify potential causes of the vascular failure.
Imaging of clusters in 3D revealed two main types of cells. The first type was ellipsoidal or cuboidal and chondrocyte-like, while the second type was stellateshaped and had long processes that appeared to form connections to neighboring cells. Previous studies have shown that chondrocytes in the articular cartilage can connect to each other via cell-to-cell interactions and form functional gap junctions that express CÂ43. 49 In a review about cartilage cell clusters it was stated that "Such cell-cell interactions are likely to also occur in cell clusters but this has not been formally demonstrated." 19 The current study gave further support to the existence of such connections. Cells with processes have been associated with progenitor characteristics and were also observed at the articular surface and in cartilage canals. 50 Specific markers for progenitor cells were observed in chondrocyte clusters adjacent to severe cartilage degeneration. 51 It is pertinent to ask if these cells may have repair abilities and are involved in the repair of lesions. The higher SHG intensity at the margin near the clusters compared to in the center of the lesions could indicate repair function. However, there was no SHG signal around the cells within the clusters to support that they were producing collagen fibrils, and the gradient in SHG intensity could possibly result from cells becoming necrotic at different times. Cluster formation is a typical behavior during cartilage degeneration and osteoarthritis, 19 and the results of the current study showed that naturally-occurring cartilage necrosis can be a model for studying such clusters.
CONCLUSION
This study examined secondary responses to ischemic chondronecrosis in young pigs. The average SHG intensity in the necrotic areas relative to the adjacent deep resting zone decreased with the size of adjacent clusters. Both of these responses may therefore evolve with time and may be used to estimate the lesion duration in future studies. The clusters contained two different cell types, of which one was associated with progenitor characteristics and supported the purported repair role of these clusters. However, this must be investigated further. For the first time, fissures and breaks in the matrix integrity were discovered in the ischemic chondronecrosis that may propagate and cause OCD. The study has therefore shed further light on secondary responses that can be used to refine models to predict lesion progression and avoid unnecessary interventions in the future. MBL. Drafting the manuscript by AF. Revising the manuscript by AF, KO, and MBL. All authors have read and approved the final submitted manuscript.
